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SUMMARY 

. 
i 

An investigation was conducted t o  determine the energy transfer by 
thermal radiation from the flame of a single tubular turbojet-engine 
conibustor t o  the ccmibuator liner. The effects of variations in combustor 
inlet-air  pressure,  fuel-air  ratio, and a i r  mass flow on the transfer of 
radiant energy w e r e  studied. The flame radiation parameters  reported 
are equivalent black-body temperature, flame temperature, and flame 
emiesivity. A total-radiation pyrometer was used t o  masure  the  black- 
body -erature of the flame; a modification of the two-color method 
was used t o  determine the average flame temperature. 

The t o t a l  radia-t;ion of the rrluminous" flames (containing  incandescent 
soot  particles) was much greater (4 t o  2 1  times) than the "nonluminous" 
molecular radiation due t o  carbon dioxide, water vapor, and other 
optically  active molecules and radicals. The intensity of radiation 
fromthe flame increased  rapidly with an  increase in  conhustor inlet- 
a i r  pressure; it was affected to a lesser degree  by variations in fue l -  
a i r  r a t i o  and afr mass flow. Measurable radiation energy was observed 
only i n  the prlmsry zone; in this region the greater part of t he   t o t a l  
energy transfer m y  consist of radiation from the flame. Flam emis- 
sivities of 0.09 t o  0.79 were observed. 

Quantitative  informtion concerning the ra te  of energy transfer 
from flames of turbo jet co~ibustors is necessary f o r  evaluating problems 
such as conkustor-wall  cooling, application of flame-heated f u e l  gre- 
vaporizers, and vaporization of f u e l  droplets from atomizers. The 
t o t a l  energy transfer is composed of convection and radiation from the 
flame t o  the fuel spray a d  the cmibustor liner, and conduction through 
the Uner. When wall cooling is used, the outside and usually also the 
inside of the liner are cooled i n  a  convective  process by a film of a i r  
flawing along the liner. During normal operation, the conbustion gases 
are highly turbulent, and heat is transferred  by  the  disorderly move- 
ment of eddies of gas. The rate of this convective  process can usually 
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be expressed  as a function of Reynolds nuuiber and Frandtl nwiber, and 
it may be  possible t o  estimate the c.onvective transfer  coefficient far 
heat flow from the f lrrsle t o  the wall from one of the familiar relations 
developed for fluids flowing i n  pipes  (references 1 and 2) . 

Superposed on the convection procese is that of thermal radiation. 
While the conduction and convection  processes i re  affected only slightly 
by the temperature level,  radiation  increases  quite  rapidly with increase 
in  temperature level. T h e r m a l  radiation may thus account for a large 
part of the   to ta l  energy transfer,  particularly i n  the primary zone, 
where gas temperatures are high, velocities  are  relatively low, and the 
flame emissivity i s  enhanced by the  presence of incandescent  soot 
particles  (yellow "luminous" flame) . 

Radiation from hydrocarbon flams can be of two distinct kinds: 
The  nonlmuinous radiation  consists of e~~~ission in certain  regions of the 
infrared spectrum (due to simultaneous changes in the  vibrational- 
rotational energy Levels of heteropolar gas molecules) and a l so  some 
visible and ultraviolet  radiat9on. The lu.uimus radiation i s  a con- 
tinuous  emission earn flames made gellow by incandescent soot particles. 
NonlumFnous radiation is always present and may be  ascribed  principally 
t o  carbon dioxide and water vapor. T h i s  t;ype of radiation has been 
carefully  studied at a t o t a l  pressure  of'l.-atmosphere  (reference l), 
and there is some information on which to base  extrapoLation of the d a t a  
t o  other t o t a l  pressures  (references 3 and 4) .  Such data may be used t o  
predict  the nonluminous radiation from .f lams. The prediction of the 
radiation t o  be  expected f ran  a luminous (yellow) f h n e  is more dfffi- 
cu l t ,  since the soot  concentration &pencis upon conibustor design, degree 
of p rha ry  and secondary aeration, and cmib~isti~r-inlet  pressure. Useful 
information can be best  obtained fram e ~ e r i m e n t s  with conibustors 
operated under actual  conditions. The present  investigation was under- 
taken a t   t he  NACA Lewis laboratory t o  determine the  effect of operating 
conditions on flame radiEation i n  a single turbojet cambustor that Ls 
typical in design of a class of conibustors, operated with MIL-F-5624 
(grade Jp-4) fuel. 

. .  

The t o t a l  radiation from a flame may be expressed by the  equation 
- . "  - 

or 

w = € a T  4 

". .. 

where W is the total   radiant  energy eqitted per unlt  area, 0 is  the 
Stefan-Boltzmann constant, and T is the  absolute  te%rature. The 
emissivity E is the  ratio of the  actual emissive parer t o  that  of a 
perfect radiator o r  black body. The use of t h e   p a r m t e r  equivalent 
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. 
black-body temperature of the flame TB, as in equation (lb) , is a cm- 
venient index f o r  W. The t o t a l  radiant energy W can be measured with 
a thermopile or a bolomter, and the flame  temperature, by one of sev- 
eral   d i f ferent  methods. Since the value of the Stefan-BoltPnann con- 
stant i s  accurately hmwn, the  emissivity can be calculated. In the 
studfreported  herein, the total radiation  passing through a quartz 
wlndas m s  measured with a total-radiation pyrometer having a blackened 
thermopile as the sensitive element. This pyrometer was calibrated 
against R black-body furnace to permit  evaluation of equivalent  black- 
body temperature of the flame. The red-brightness  teqperature of the 
flame vas  measured w i t h  an optical pyrometer. A new modification of 
the two-color p;yrometer methd (reference 5) uas then used t o  compute 
the t r u e  flame temperature from the equivalent b l a c k - b w  temperature 
and the red-brightness temgerature of the flame. A complete description 
of the method is  presented in this report. 

The preceding measurements were obtained a t  conibustor inlet-air  
pressures f r o m  L3 t o  96 inches of mercury absolute, air ma86 flows from 
0.22 t o  2.b pounds per second,  and fuel-air ratios from 0.008 t o  0.035. 
The effects of these operating variables on black-bdy flame tempera- 
ture and flame emissivity  are  presented. The investigation was con- 
ducted  during W c h  and April of 1952. 

Conibustor 

A single tubulaz J33 conibustor was modified by the  addition of two 
pairs of sight holes (1; inches i n  diameter) in  the inner liner 
(figs. 1 and 2). The f i r s t  pair of holes was 5 inches from the  fuel  
nozzle. The tapered shell was equipped with cross tubes 3 inches long 
ham an inside diameter of l;r inches, which were located i n  line wlth 
the inner  sight  holes. Quartz windows 1/4-Fnch thick were attached by 
flanges t o  the cross tubes. 

1 

The conibustor was connected t o  the laboratory cambustion air and 
exhaust servlce systems by ducting, as shown in figure 1. The air-f low 
rate and combustor pressure w e r e  m u a l l y  regulated by remote-control 
butterfly valves. 

Conhustor Instrumentation 

A i r  flow and fue l  flow t o  the c d u s t o r  were  measured by means of 
an adjustable  orifice and cal ibrakd rotameters, respectively. The tem- 
perature of the in le t  air was measured by a single-junction iron- 
constantan thermocouple located a t  instrumentation  plane 3-3 (fig. 1) . 
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The inlet-air  pressure was measured by a  a-t;atic-pressure tap a t  
pbne  2-2. The contbustor-outlet  gas tem@erature was easured  a t  
plane 1-1 by 12 chramel-alumel thermocouples. The FnstaUation of these 
therm~couples is shown i n  figure 2. A l l  temperatures w e r e  indicated on 
self-balancing  potentiometers. 

4 

Flssle T q e r a t u r e  and Radiation Measurement 

The equivalent black-body tatqerature of the flame a t  each of the 3 
twu observation  stations was measured with 8 portable  total-radiation 
pyromter, which had been calibrated  against a black-body furnace. The 
semit ive element of t h i s  instrument is  a blackened  thermopile on which 
the  radiation is focused by a coI113Bve mirror. The thermopile responde 
nonselectively t o  radiation of a l l  wavelengths. The red-brightness 
temsperature was measured with a disappearing-filament  optical pyrometer. 
An o r i g i n a l  method, based on the .two-color principle  (reference 5) -8 

used to   calculate  average flame temperature and emissivity. A descrip- 
t ion of th i s  method, together  with sasrple calculations of flame tem- 
perature and emissivity, is presented i n  appendix A along with  the 
details  of the method used t o  correct  the  radiation  Wsurernents for 
the  light  transmission  characteristics of the  quartz . . " window. 

(v 

RESULTS 

The flame-radiation data obtained over a range of conbustor inlet-  
a i r  pressure, air-flow rate, and fuel-air   ra t io  a t  the f i r s t   s ta t ion  
(5 in. f r o m  the. fuel ao-zzle) _$n -%e- single  codustor are  presented in 
table I and in figures .3 and 4. Figure 3 compares' €Le M f  ect of com- 
bustor  inlet-air  pressure on equivalent black-body flame temperature 
a t  various air-flow rates and two fuel-air   ra t io  ranges: 0.008 t o  
0.010 and 0.014 t o  0.018 (fig.  3). These  and other data are c w i n e d  
in  figure 4 t o  campare this ef fec t   a t  various fuel-air ratios and three 
ranges of air-flow  rate : 0.22 t o  0.65, 1.4 to 1.8, and 2.8 pounds per 
second (figs.  4(a), 4(b) , 4( c) , respectively) . Not a l l  the data of 
table I have been  presented  graphically. 

- - ." . . -. - 

The greatest  effect on black-body  temperature of the flame was 
observed with variations  in  inlet-air  pressure. Thus, a t   fue l -a i r  
ratios of 0.008 t o  0.010 and air f"of 2.8 pounds per second, an 
increase i n  pressure from 35 t o  95 inches of mercury absolute was 
accompanied by an increase in black-body temperature from E2O0 t o  
2490' R ( f i g .  3(a)) ,  which is  equivalent t o  a sevenfold  increase 
rad imt  energy. Similar increases were observed a t  the other  fuel-ajz 
ratios and air-f low rates. 1 
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The black-body  temperature of the flame was influenced tn a lesser 
degree by fue l -a i r   ra t io  and by -8 flow ra te  of air. A t  f uel-air 
ratios of 0.008 t o  0.010, 831 increase in a i r  flaw frm 1.4-1.5 t o  
2.8 pounds per second ( f ig .  3( a} ) resulted in a slight increase in 
radiant  intensity at  pressures akove 4-0 inches of mercury absolute. A t  
fuel-air   ratios of 0.014 t o  0.018, however, the  equivalent black-body 
t eqera ture  decreased very slightly with  an  increase i n  a i r  flow f r o a n  
0.45-0.65 to 1.8 pounds per second (fig. 3(b)); however, a further 
fncrease in  air flow t o  2.8 resulted in a marked decrease in black-body 
temperature. A t  mass fluws of a i r  from 0.22 t o  1.8 pounds per second, 
the flame black-body teqperature  generally  increased with an increase 
in f uel-air r a t io  (fig. 4) . At the highest  air-flow  rate (2.8 Ib/sec) 
& reverse trend was observed; thus, 89 Increase In fuel-air r a t io  from 
0.008-0.010 t o  0.017 resulted in a signifiwt decrease in black-body 
temperature 

Calculated values of the average flame temperature i n  the prlmary 
zone (f ig .  5) remained essentially independent of a i r  flow and of pres- 
sure at pressures _greater than 80 inches of mercury absolute  but were 
more than 20O0 F higher a t   f u e l - a i r  ratios of 0.008 t o  0.010 than at  
f uel-air  ratios of 0.014 t o  0.017. The calculated f b n e  teqperature 
decreased rapidly  as  pressure was reduced. Computed t o t a l  emissivities 
of the fUme are  presented i n  figure 6. The effects of pressure, a i r  
flow, and f uel-air r a t i o  are similar t o  those observed for the black- 
body temperatures. The highest value of emissivity observed was 0.79 
( a t  a  pressure of 92 in. Hg abs., fuel-air r a t io  of 0.015, and air flow 
of 1.8 Ib/sec) , corresponding t o  an equivalent black-body temperature 
of 2790° R; the lawest value of emfsaivity observed was 0.09. Fig- 
ures 5 and 6 present  sufficient data to indicate the  variation i n  flame 
t q e r a t u r e  and emissivity. The complete set of data appears i n  table I. 

The pressure a t  which the flame in the prlnrsry zone  became blue 
depended on the fuel-air r a t io  and on the m8s8 flow of a i r .  A t  a fuel- 
a i r   r a t i o  of 0.035 and an a i r  flow of' 0.22 pounds per second, it was 
sti l l  yellow (red-brightness  temperature, 2630° R) a t  a  pressure of 
15.5 inches of mercury absolute. A t  a fuel-air r a t io  of 0.016, a pres- 
sure of 20 inches of mercury absolute, and an a i r  flow of 0.58 pounds 
per second, the flame luminosity was low (red-brightness  temperature of 
2480' R) . A t  a fue l -a i r   ra t io  of 0.009, a pressure of 45 inches of 
mercury absolute, and an a i r  flaw of 2 -8 pounds per second, the  red- 
brightness tempereture  observed was only 2460' R. 

Only data for the upstream station  are  reparted  herein. The flame 
a t   t h e  downstream station always had an equivalent black-body tempera- 
ture too low for  accurate measurement  (below 1300° R) and -was blue, so 
that the two-color method f o r  conputing true flame temperature was not 
applicable 
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DISCUSSION 

The variation  in emissive power of the flame with pressure, fuel- 
air ratio,  and a i r  m~bss flaw cannot be  predicted on any purely  thearet- 
i c a l  grow&. It is reasonable, however, t o  assume that it will vary, 
a t  least   quali tatively,   in the  same  manner as does the Local smoke de-ity 
of the zone, the emissive power of  which i s  under consideration. All the 
observed trends in radiant energy reported  herein  follow the trends i n  
smoke density of turbojet-ccmibustor  exhaust  gas reported i n  reference 6. 
For example, reference 6 shows that smoke density  increases  rapidly with 
pressure. Smokcdensity a t  lower fuel-air   ra t ios  (0.008 t o  0.010) 
increases with air flow, but a t  fuel-air   ra t ios  above about 0.013 it 
decreases with increasing air flaw. Increasing fuel-air r a t i o  first 
increased and then decreased smoke density. Finally, the effect  of 
changes in fue l -a i r   ra t io  and a i r  flow 011 smoke deneity was greater at  
the higher canibustor inlet pressures. 

Molecular radiation from carbon dioxide, water vapor, and other 
optically  active molecules and radicals makes a much fmaller contribu- 
t ion   to  the over-all  transfer of energy  than does radiation f r a m  
luminous soot  particles. In most cases,  the observed t o t a l  radiant 
energy was 4 t o  2 1  times that estinuated for  a mixture of carbon dioxide 
and water vapor a t  the flame teqperature and a t  partial pressures  cor- 
responding t o  complete conversion of the a i r  iu  the primary conbustion 
zone (table I). The actual   ra t io  would be even higher since it is 
probable that some of the oxygen passes through the primary zone with- 
out being uti l ized for burning. 

The design of the  apparatus was such that the field viewed by  the 
total-radiation pyrometer was essentially a cylinder, having aa faces 
the two quartz windows a t  each station. A point  located on the  inside 
of the inner liner of the conibustor  would "see" an additional volume of 
flame upstream and also downstream of the zone viewed by the pyrometer. 
The equivalent beam length L (reference 1) far the pyrometer m a  
0.9 inch; that far the point on the conibuetor l iner  was 3.6 inches. If 
the flame were is-Otropic and an average value of the c w t a n t  K 
(appenWx A} w e r e  used, it would be  possible  to  predict how much higher 
the emissivity would have been i f  the window had been located on the 
inner Uner instead of being  about 3 inches away. The effect  of beam 
length on emissivity i s  presented in the foUming  table: 

Emissivity c at  beam length of 
0.9 in. 3.6 in. 
0.10 

30 .76 
.20 - 60 0.34 

.40 - 87 
50 .94 

e 
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This increase i n  emissivity would be  reflected Fn a higher equivalent 
:blac&-body temperature. An increase i n  emissivity from 0.30 t o  0.76 
would thus increase  the  equivalent black-body temperature f r o m  2000° t o  
2520' R. The actual  effect of the change in viewing position would be 
smaller than is indicated Fn the precedfng table sFnce the dawnstream 
gases had very Uttle luminosity. The application of emissivity data 
is  discussed i n  appendix E. Calculations indicate that the rate of 
radiant  heat transfer t o  the cortibustor liner in the prFrnary  zone may be 
as  large  as a convective transfer corresponding t o  a heat-transfer 
coefficient of 50 Btu  per hour per square  foot per "F . 

The following results were obtained from an investigatlon of the 
effects of conkustor  operating variables on the thermal radiation from 
the flame of a turbojet codmstor: 

1. The intensity of radiation from the flame increased  rapidly  with 
as increase in con&ustor inlet pressure and w&s affected  to a lesser 
degree by variations in fuel-air r a t io  and a i r  mass flow. 

2. The total   radiat ion of the luminous flames (containing  incan- 
descent  soot  particles) was much greater (4  t o  21t-s) than the 
molecular nonlumhous radiation due t o  carbon dioxide and water vapor. 

3. Over the observed range of operating  conditions, measurable 
radiant energy was observed only in the prbnary Zone; fn th i s  region 
the  greater  part of the t o t a l  were transfer to the lFner may consist 
of radiation f r o m  the flame. 

4. Flame emissivities of 0.09 t o  0.79 were observed. 

Lewis Pl igh t  Propulsion  Laboratory 

Cleveland, Ohio 
National Advisory Ccamnittee f o r  Aeronautics 
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Analysis 

A detailed  discussion of heat transfer  by  radiation appears i n  
reference 1. Experimental data f o r  the emissivities of carbon dioxide 
and water vapor are  presented as a function of temperature and the 
product PGL, where PG i s  the partial  pressure of the particular gas 
i n  atmospheres and L FB the  equivalent beam length i n  feet far radia- 
tion. A t  temperatures above 2500° R, the gas emissivity  decreases with 
increase i n  temperature and increases with increase in the  term P&. 
A l l  these  data w e r e  obtained a t  t o t a l  pressures of 1 atmosphere. Data 
a t  other  pressures  are limited but  Indicate that pressure broadening of 
the  spectral  lines makes Beer's l a w  inapplicable  (references 3 and 4) 
and that the value of the parameter P$ should be multiplied by P1/4 
before the c h a r t s  for gas emissivity  appearing in  reference 1 are wed. 

The exact  prediction of the  e~nissivity of luminous flames on a 
theoretical  basis i s  v i r t u a l l y  impossible, b u t  experimental  evaluation 
has been simplified by the  investigations of Hottel e Rroughton . 
(reference 5).  Studies of the  variation of the monocbramatic absorp- 
t i v i t y  of luminous flames with wavelength showed that the  absorptivity 
and emlseivity  decrease with increase i n  wavelength ( f ig .  7), and that 
the  total  emiseivity is lower than the emissivity in   the v is ib le  spec- 
trum. A re lat ian between  monochramstic brightness  temperature and the 
t rue  flame temperature and emissivity was developed (reference 5) and 
made possible  the  determination of true flame temperature and emissivity 
from measurements of the  brightness a t  two wavelengths with a special 
optical pyrometer. In the  present  investigation, this method HBS modi- 
fied so  that only standard  readily  available equipment was required. A 
total-radiation pyrometer was used t o  determine equivalent black-body 
temperature, and a conventional  optical pyronmeter, t o  measure red- 
brightness  temperature. A trial-and-error procedure  based on Hottel and 
Broughton's charts (figs.  8 and 9) was used t o  compute flame tempera- 
ture and emissivity. This procedure assumes that a l l  the  radiant energy 
is  from glowing soot  particles and that the energy-wavelength dis t r ibu-  
t ion corresponds t o  that determined i n  reference 5. Equivalent  black- 
body temperatures were adjusted  for  t3e  contribution due to nonlLrminoue 
radiation  before  they were used for calculating average flame 
temperatures. 

The quartz window through which the flame was viared  absorbed and 
reflected some of the  incident  radiation and thus introduced a small 
e r r o r  in  the readings of both  pyrometers. The reading of the  optical 
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pyrometer was adjusted by adding  the  temgerature  correction sham in the 
following  table  (reference 7 )  to  the  observed  red-brightness 
temperatures : 

Observed  Correction 
tengerature 

2650 
3000 
3400 29 
3700  36 

The  observed  equivalent  black-body  temperature was corrected on the  basis 
of the  actual  transmi6sion-wavelength  ch2racteristics of the  quartz 
windm (fig. lo), and the  computed  energy-wavelength  characteristic  of 
the  flame  (fig. U> based on reference 5. 

The total  emissivity was camguted as the  fourth power of the  ratio 
of corrected  black-body  tesIperature to average flame temperature. 
Since  the flame is  nonisotropic,  this  value is not of a fundamental 
nature. 

The  two-color  method of flame pymnetry, as 
is  based on the  simultaseous  solution  of  the two 

where 

1 .1 % - - - = - l o g €  
TR '2 R 

1 1 %  
TG 
- - = c2 log 'G 

dimensional  constant, 2.58 (a) (41) 

true flame temperature 

green-brightness  temperature (at wavelength 

originally developed, 
equations : 

red-brightness  temperature  (at  wavelength AR P 0.665 p) 

spectral  absorptivity  (or  emissivity)  at  wavelength hG 

spectral  absorptivity (or emissivity)  at  wavelength A, 



10 NACA RM E52F23 

It is possible t o  express - €A as 

q , = l - e  
-KhL 

" 

where 

ana 

KL absorption  stzength 
3 
(0 
N 
. .  

K,cr constants 

Kh constant dependent only on wavelength 

L equvalent beam length. of flame 

In reference 5, the transmissivity of various flames was studied and it . 
was concluded that a value of 1.39 should be used for a between 0.3 
and 0.8 micron, and 0.95 between 0.8 and 10 microns. .Uyehara (refer- s 

ence a) used values of 1.32 and 1.05 for a. The computed flame tem- 
perature is insensitive t o  small changes in  a. Hottel  (reference 5) 
showed that fo r  moderately thick flames, a change in   the value of a 
used for the  shorter wavelengths from 1.7 t o  1.39 resulted Fn a change 

c 

i n  KLEUIE tpmperature of Only-14O R. 

Evaluation of L i g h t  Transmiseion of 

The fraction of the  incident 
the  quartz window is given as 

where 

light which w 

Quartz W i n d o w  

ill be transmitted 

JA intensity of incident  radiation a t  wavelength h 

Trh light transmission. of quartz window a t  wavelength h 

h wavelength of radiation 
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A plot of TQ against A for the quar tz  plate used in  this 
investigation is sham in figure 10. An -area  spectrophotameter was 
used t o  obtain these  data. Figure l l  fndicates  the  variation of the 
relative luminous intensity  with wavelength X f o r  flames 
having a tpmperature of 3460° R a d  having emissivities of 0.1, 0.5, 
0.7, and 1.0 at  h of 2 microns. If the  spectral  emissivity were 
independent of wavelength, these curves would Coincide; since 2 micron6 
is close t o  the  effectLve wavelength, the  areas subtended by a given 
curve over  and  under 2 microns are approximately  equal. The variation 
of the  spectral  transmission of the  quartz window f o r  light from hydro- 
carbon flamee is shown in figure 12 and was calculated by use of equa- 
t ion (A4) and figures 10 and ll. These computations w e r e  made f o r  
flame temperatures of 2960' R and 3460' R and are summarized i n  the 
f o l l m i n g  table : 

Temperature Effective wavele Transmission Emissivity& 
( O R )  of flame radiation of uindm Th 

mav (PI 

2960 

1.58 920 .1 3460 
1- 83 875 .5 3460 
1- 86 - 870 .7 3460 
2.10 - 770 1.0 3460 
1.96 870 .I 2960 
2.09 785 -5 2960 
2.33 0 - 690 1.0 

a A t  wavelength of 2 microns. 
bwavelength above which half the  radiant energy of the flame 

l i e s  

The "cut-off" of the  quartz windaw a t  about 4.0 microns i s  not a 
ser ious difficulty  since only a relatively small portion of the   to ta l  
radiation is of longer wavelength. Thus, more than 80 percent of the 
luminous radiation is generally  transmitted  (see  preceding table). The 
nonluminoue radiation due t o  cazbon dioxide and water vapor is only a 
small fraction of the t o t a l  radiation. 

It can be shown that the trial-and-error procedure used herein 
converges t o  the same vgluee that would be obtained if Eottel 's method 
based on red- and green-brightness  teweratures were employed. 



- HACA RM E5ZF23 

S8IQle Calculation of EqLllvalent Black-Body Temperature, 

True Tempratwe, and Emissivity of Flame - 

The procedure used for  ccrmputing the  radiation  characteristics of 
the flame is  i l lus t ra ted  i n  the following paragraphs. The experimental 
data. are those for point 1 (table I) . 
Eqerimental data : 

Conbustor inlet pressure, in. Eg. abs 28.8 
Red-brightness  temgerature, ?R . . . . . . . . . . . . . . . . .  2800 
Black-body temperature, ?Et . . . . . . . . . . . . . . . . . . .  1810 

N . . . . . . . . . . . . . .  

Calculations : 

As & first estimate of T, use T IS TR P 2800' R. By equations (l), 
4 

the first eetirnate af emissivity i s  ey = (E) P 0.175. 2800 

For € P 0.175 and T a TR x 2800° R, the f irst  estimate of M 
(fig. 8) is 0.42. 

. 
For KL = 0.42 and TR = 2800° R, t h e   f i r s t   c q u t e d  flame tempera- 

ture (f ig .  9) is 2920° R. 

For €2p m 0.175 and T P 2920' R, the f i rs t  estimate of the light 
transmission of the quartz plate  (f Lg. 12) is 86 percent. 

The corrected black-body temperature is 01/4 lalo m 1870' R. 

Corrected  red-brightness  temperatme is 2820' R (reference 7) . 
The black-bdy temperature associated with the  radiation fram 

carbon dioxide and water vapor (reference 1) is  1020° R. 

The black-body  temperature far luminous radiation  alone is 
( 187O4-lOZO4) 'i4 = 1830° R. 

' For % e 1830' R and T = 2920° R, the first estimate of the 

luminous emissivity is  (-)* P 0.154. 

For c 3 0. E 4  and T = 2920' R, the second estlmate of KL 
(fig. 8) i s  0.33. 
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For JSL = 0 -33 and % = 2820° R, the second computed flame tem- 
perature (fig. 9 )  is 2990° R. 

The second estimate of lumFnous emissivity is (Gr r 0.140. 
For E = 0.140 and T = 2990° R, the third e s t d t e  of KL 

(fig.  8) is 0.30. 

For JSL = 0.30 and T, = 2820° R, the t h i r d  comguted flame tem- 
perature  (fig.  9) is 3040° R. 

The third esthate of lumFnous emissivity is (E. 3 0.132. 

For E: = 0.132 and T = 3040' R, the fourth esthate of KL 
(fig. 8) is 0-28. 

For KL = 0.28 and 51 t 2820' R, the  fourth ccgqputed f lam 
temperature (fig. 9) is 3060° R. 

Since  the  fourth  estlmate is very close to   the  third, T P 3060° R 

The f i rs t  estinate of quartz  light  transmission is now checked 
and found to  be  correct.  
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APPENDIX B 

APPLICATION OF EMISGIVITY DATA 

NACA RM E52F23 

The use of emissivit ies in cqu t ing   r ad ian t   hea t   t r ans fe r  fram 
gases is as follows: Consider a cylinder of flame 6 inches i n  diameter 
and of infinite  length,  and assume an average flame temgerature 09 
3200' R and  emissivity of 0.50. Suppose the cyUnder of flame is t o  be 
enclosed in  a Illeta1 shell   with temperature of 1800° R and emissivity 
equal t o  0.90. Then the  net transfer of heat from the flame envelope 
per foot  of length is 

3 
Rf 

q = d A q € s  (Tf4 - Ts4) ( B1) 

where 
" 

A area of flame, sq f t  

Tf flame temperature, R 

T, s h e l l  t-rature, R 

0 
". . 

0 

€f 

€S 

emissivity of flame 

emissivity of shell . . . . . . . 

c 

. . . . . - . 

d Stefan-BoltPnann  conatant, 0.173X10-8-Btu/(sq ft)(br) (%)* 

q = (0.173%10-8)(s/2)(0.50)(0~90)(104X10012 - l0.5X1Ou) 

4 3 U.4X104 Btu/(hr) ( f t )  

To t ransfer  this quantity of heat  by  convection would require a film 
coefficient of a t  least  52(Btu/(hr) (sq f t )  (9)) . If the flame and ehe l l  
diameters are hcreased t o  8 inches, the  emissivity of the flame will be 
approximately 0.68 (equation (A3) ) . Then 

Since the flame  wlume has increased as 

the radiant heat loss per unit volume is 90 percent of the former value. 
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0 

0 

Plane 1-1 Plane 2-2 
0 Static-preesure tap 

I . -  . 

8 Thermocouple CD-2737 c 
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Conibustor 
air -f low 

Cantbustor inlet-air pressure, in. Hg abs 

(a) Fue l - s i r  ra t io ,  0.008-0.010. 

Figure 3. - Effect of combustor inlet-air pressure 
on corrected black-body flame temperature at var- 
ious combustor air-flow rates i n  single tubular 
combustor. 
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(b) Fuel-air ratio, 0.014-0.018. 

Figure 3. - Concluded, Effect of combustor M e t - a i r  pressure 
on corrected black-body flame temperature at various combue- 
tor a i r . - f l a w  rates i n  single tubular combuetor. 
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Fuel-air r a t i o  A i r - f l o w  rate - (lb/sec) 

0 0.035 0.22 - 
"" 0.015-0.018 0.45-0.65 

20 40 60 80 

Combustor inlet-air  pressure,  in. Hg abs 

(a) Air mass f l o w ,  0.22-0.65 pound per  second. 

Figure 4. - Effect of combustor  inlet-air  pressure 
on corrected  black-body flame tempratme at var- 
ious combustor fuel-air ratios in single tubular 
combustor. 

21 
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Fuel-air  ratio 4" 
0.008 

0.0225 
0.014-0.015 

Combustor inlet-air pressure, in. Hg abs 

(b) A i r  -6 flow, 1.4-1.8 pounds per second. 

Figure 4. - Continued. Effect of cornustor Inlet-air 
pressure on corrected black-body flame temperature 
at various combustor fuel-& ra t ios  i n  eingle 
tlibulsr combwtor . 
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0.008-0.010 
.017 

L 
60 80 

C d u s t o r  Inlet-air pressure,  in. Hg abs 

(c> A i r  mass flow, 2.8 pounds per second. 

100 

Figure 4. - Concluded. Effect of conibustor inlet- 
air pressure on corrected black-body flame tempera- 
ture at various conibustor fuel-air ratios i n  single 
tubular corfibustor . 
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(a) Fwl-air ratio, 0.008- (b) Fuel-air ratio,  0.014- 
0.010. 0 -017. 

Fisure 5. - Effect of cclnbuator Inlet-& pressure, fud- 
a b  ratio, and air-f low rate on ccasputed  average flame 
temperature in single tub- combustor. 

60 m 60 
Cornbutor Inlet-air pressure, in. Hg abs 

(8) Fuel-air ratio, 0.008- (b) Fuel-alr ratio, 0.014- 
0 .om. -0 .w. 

Figure 6. - EPfect of conibuator Inlet-air pressure, fuel- 
air ratio, and air-flow rate 011 computed total emlssiv- 
l t y  of flames in single tubular combuatur. 
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0 1 2 3 4 5 

Wavelength, p 

25 

Figure 7. - Variation of spectral  emissivity of hydrocarbon 
flames as function of wavelength f o r  flames having cer-kfn 
spectral  emissivities at wavelength of 2 microns. 
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Figure 8. - Effect of absorption strength and temperature on ludnous  emissivity (reference 5). 
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Red-brightness temperature, TR, ?R 

Figure 9. - Effect of true  teqperature and red- 
brightness temperature on &sorption strength 
(reference 5) .  

27 
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2.0 2.4 2.6 3.2 3.6 4.0 4.4, 

Wavelength, A, p 

Figure 10. - Spectral  transmission of quartz window used in flame- 
radiation  etuiy. 
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1 2 3 

Wavelength, h p 
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Figure ll. - Variation of r e h t i v e  luminous in tens i ty  of hydro- 
* carbon flames with wavelength. Flame temperature 3460' R. 
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Figure 12. - Variation of average light transmission of quartz 
window used in flame-radiation study with  temperature and 
emissivity of flame. Emissivity assumed equal to  average 
dBBiVity. 
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